Mutant protein aggregation (PA) cardiomyopathy (MPAC) is characterized by reductive stress (RS), PA (of chaperones and cytoskeletal components), and ventricular dysfunction in transgenic mice expressing human mutant CryAB (hmCryAB). Sustained activation of nuclear erythroid-2 like factor-2 (Nrf2) causes RS, which contributes to proteotoxic cardiac disease. The goals of this pre-clinical study were to (i) investigate whether disrupting Nrf2-antioxidant signalling prevents RS and rescues redox homeostasis in hearts expressing the mutant chaperone and (ii) elucidate mechanisms that could delay proteotoxic cardiac disease.
Introduction
Heart failure is a leading health problem with over 550 000 new cases and 275 000 deaths annually in the USA. 1, 2 Cardiac diseases caused by mutations in contractile, cytoskeletal proteins and molecular chaperones account for 30% of inheritable cardiomyopathies. 3 -5 A shift in the redox equilibrium towards increased reactive oxygen species (ROS) and oxidative stress is involved in the pathophysiology of many cardiovascular diseases including hypertrophic cardiomyopathy. 6 -9 Recently, we demonstrated that reductive stress (RS) and protein aggregation (PA) are associated with hypertrophic cardiomyopathy and heart failure in transgenic mice expressing human mutant CryAB (hR120GCryAB-TG). 10 Inherited mutations in cytoskeletal proteins contribute to the pathogenesis of heart failure in part via redox signalling mechanisms. Glutathione (GSH) is an ubiquitous, non-protein thiol antioxidant that is crucial for detoxification and scavenging of toxic molecules generated in various pathogenic processes. 11, 12 Mutant PA cardiomyopathy (MPAC) is characterized by chronic RS, PA (of chaperones and cytoskeletal components), and ventricular dysfunction in transgenic mice expressing human mutant CryAB. 10, 13 Prior to the onset of chronic RS, sustained activation of nuclear erythroid-2 like factor-2 (Nrf2) signalling was † Equal first authors.
evident in MPAC hearts. 13 Thus, the diminution of Nrf2-signalling is expected to prevent RS and restore redox homeostasis, thereby ameliorating aggregation of pathological proteins and preventing proteotoxic cardiac disease. Our observations in the MPAC-TG mice indicate that increased Nrf2 signalling occurs in two stages. The initial induction is through ROS generation (at 3 months) and the latter is due to Keap1 dysfunction (at 6 months). 13 Nrf2, a basic leucine zipper protein, is a redox-sensitive, master transcriptional regulator of several hundred cytoprotective and antioxidant genes that acts by binding to the antioxidant response element in the promoters. 14, 15 We recently identified the Nrf2-Keap1 pathway as a critical regulator of the cardiac antioxidant defences and demonstrated its role in RS and MPAC. 13 Another study suggested a critical pathophysiological role for Nrf2 in the heart. 16 Although RS has been implicated in mutant PA, cardiac hypertrophy, 10, 13 and protein misfolding in neurodegeneration, 17 the underlying molecular mechanistic role for chronic RS is unknown. In the current study, using genetically modified Nrf2-deficient (Nrf2-def) hR120GCryAB (TG) mouse models, we investigated whether and by what mechanism(s) attenuation of Nrf2 signalling prevents RS and rescues MPAC.
Methods

Animals
MPAC-TG:Nrf2-def (TG:Nrf2+ or TG:Nrf2-def) were generated by crossing aMHC-R120GCryAB-TG (generously provided by Dr Ivor Benjamin, Medical College of Wisconsin, Milwaukee, WI, USA) with Nrf2-knockout (Nrf22/2) mice on a C57/BL6 background. All experimental protocols conducted on the mice were approved by the Institutional Animal Care and Use Committee (IACUC#08-07006) at the University of Utah in accordance with the standards established by the US Animal Welfare Act.
Genotyping for hR120G-CryAB and Nrf2 knockout
The litters from reciprocal breeding between the hR120GCryAB and Nrf2+ mice were genotyped for transgenic (hR120GCryAB) and Nrf2 deficiency (Nrf2+) using tail DNA (RedExtract-N-amp PCR kit; Sigma-Aldrich).
Myocardial GSH redox state
The redox state of GSH (GSH/GSSG) was determined in heart tissue extracts from NTG, TG, and TG:Nrf2-def mice at 6 -7 months of age as previously described. 10, 13, 18, 19 
Echocardiography analysis of cardiac function by ultrasound
Mice were examined by high-resolution ultrasound using a VisualSonics Vevo2100 ultrasound with 40 MHz transducer (MS550D) and inhalational anaesthesia (isofluorane 1 -3%).
20,21
2.5 RNA isolation, reverse transcription, and gene expression using quantitative real-time PCR
Heart tissues were harvested from NTG, TG, and TG:Nrf2-def mice at 6 -7 months of age after in situ perfusion with 10 ml of RNase-free PBS and 10 ml of RNA later reagent. The total RNA was extracted from 20 mg of ventricular tissue using an RNAeasy kit (Qiagen#74106) and the messenger RNA (mRNA) expression levels for all samples were normalized to the level of Arbp1 or GAPDH. 
Preparation of heart tissue homogenates and immunoblotting
Heart tissue homogenates from control and TG mice at 6 -7 and 10 months of age were prepared. About 30-40 mg of both cytosolic and nuclear proteins were resolved on the appropriate (8-12%) SDS -PAGE. The blots were probed using specific antibodies. 10, 13, 18, 19 2.7 Immunofluorescence analysis of antioxidants
Frozen heart (OCT; Tissue-Tek#4583) sections at 5 mm thickness from NTG, TG, and TG:Nrf2-def mice at 6-7 months were immuno-stained with specific primary antibodies. 13, 18 Protein aggregates were identified using anti-CryAB (1:50) and anti-Hsp25 (1:100; Assay design #SPA-801) antibodies.
Statistical analysis
Statistical analyses were performed using SPSS. The results are expressed as mean + SD. Student's t-test and analysis of variance (ANOVA) were used to compare the groups. Statistical significance was considered at P , 0.05.
Results
Deficiency of Nrf2 rescues myocardial redox homeostasis and prevents RS in MPAC mice
We identified Nrf2 as a causal factor for RS in MPAC. 13 Disruption of Nrf2 is known to down-regulate antioxidative pathways including GSH biosynthesis. 15, 24 Therefore, to reduce Nrf2 mediated RS in MPAC-TG, we generated MPAC-TG with Nrf2 deficiency (TG:Nrf2-def) and confirmed by genotyping ( Figure 1A) . Q-PCR analysis revealed that the levels of Nrf2 mRNA were similar between NTG and TG hearts, but were significantly down-regulated in the TG:Nrf2-def mice hearts ( Figure 1B) . Immunoblots using nuclear extracts from ventricles showed significant decreases of Nrf2 protein in TG:Nrf2-def relative to NTG or TG mice ( Figure 1C) . Interestingly, the TG:Nrf2+/+ (TG) hearts had .6.0-fold higher levels of nuclear Nrf2 protein when compared with NTG mice. These results indicate the activation of Nrf2 in TG hearts and would be predicted to induce transcription of Nrf2-dependent genes. At 2 months of age, the hmCryAB levels were similar among TG and TG:Nrf2-def hearts suggesting comparable amounts of protein aggregates in the TG groups ( Figure 1D ). Myocardial GSH levels were doubled in TG relative to NTG mice, but the TG:Nrf2-def mice showed comparable GSH levels as NTG and had significantly reduced GSH content and the redox (GSH/GSSG) ratio when compared with TG mice ( Figure 1I) , reflecting that the increase of reducing power was blunted in these hearts. Activation of Nrf2 increased (i) GSH biosynthesis and (ii) recycling of oxidized GSH (GSSG) to the reduced form (GSH) by inducing rate-limiting enzymes in the GSH cycle ( Figure 1J ). To elucidate the physiological roles of Nrf2 in basal conditions, we analysed heart morphology and cardiac hypertrophy in WT, and Nrf22/2 young (2 months) and old (.20 months) mice (Supplementary material online, Figure S1 ). Although Nrf2 is protective against transient stress, its ablation under basal conditions is not deleterious in that the cardiac phenotype of Nrf22/2 mice is normal (Supplementary material online, Figure S1 ). Survival curves showed no mortality in the TG:Nrf2-def mice, while 50 and .90% of the MPAC-TG mice died as a consequence of pathological hypertrophy and cardiomyopathy/heart failure at 25 -30 and 50-60 weeks of age, respectively ( Figure 1E ). Intriguingly, the TG:Nrf2-def mice exhibited prolonged survival beyond 70 weeks with no observed cardiac dysfunction, suggesting that the Nrf2 deficiency can permanently quench RS and maintain redox homeostasis, which we hypothesized would prevent PA. We analysed cardiac hypertrophy/cardiomyopathy by (i) autopsy -morphology and heart-to-body weight (HW/BW) ratios ( Figure 1F and G), (ii) hypertrophy markers ( Figure 1H ), and (iii) echocardiography ( Figure 2 ) and found no evidence for cardiac dysfunction in the TG:Nrf2-def mice while the MPAC-TG mice had severe hypertrophy at 6 months of age. The HW/BW ratio analysis revealed no signs of cardiac hypertrophy in the TG:Nrf2-def mice up to 15 months of age, while the TG mice developed significant cardiac hypertrophy at 6-7 months of age ( Figure 1F ). While a significant increase of ANF and BNP mRNA levels were recorded in MPAC-TG compared with NTG mice, suppression of these markers in the TG:Nrf2-def mice ( Figure 1H ) suggests prevention or delayed onset of cardiac hypertrophy. 
Diminution of Nrf2 preserves cardiac function in the MPAC-TG mice
Echocardiographic analysis of NTG, TG, and TG:Nrf2-def mice at 6 -7 months of age demonstrated that TG mice had significantly lower fractional shortening (FS), lower ejection fraction (EF), and greater hypertrophy (end diastolic left ventricular mass, end systolic left ventricular mass, posterior wall diastolic diameter, and inter ventricular septum diameter) when compared with NTG ( Figure 2A and B) . Most of the echocardiograph parameters were identical between the NTG and TG:Nrf2-def mice, and these results are in line with heart morphology and remodelling (Figure 1 ).
Nrf2 deficiency suppresses the RS response signature in the MPAC heart
A focused gene expression array analysis revealed a profile of suppression of Nrf2-regulated genes in the TG:Nrf2-def myocardium, while the TG mice exhibited significant induction of these genes contributing to RS ( Figure 3A) . To characterize whether the Nrf2 deficiency, in part, , glucose-6-phosphate dehydrogenase (G6PD), hemoxygenase-1 (HO1), NADH-quinone oxidase (NQO1), superoxide dismutase-1 (Cu/Zn-SOD), superoxide dismutase-2 (Mn-SOD), and catalase in the heart tissues from NTG, TG, and TG:Nrf2-def mice at the age of 6 -7 months. (C) and (D) Densitometry analysis of the immunoblots were performed from three sets of experiments and expressed as mean average + SD for 4 -6 animals/group. *NTG vs. TG; $ NTG vs. TG:Nrf2-def; P , 0.05.
Nrf2 and reductive stress was responsible for the decreased GSH levels and prevention of RS in the MPAC-TG mouse hearts, we performed immunoblotting of antioxidative proteins. We observed significant increase of expression of these genes in the TG mice along with sustained activation of Nrf2. In contrast, a reduced expression of NQO1, catalase, G6PD, and GSR was observed with deficiency of Nrf2 in the TG mice ( Figure 3B and D, Supplementary material online, Figure S3 ). Thus activation of Nrf2 in the TG mice ( Figure 1C , Supplementary material online, Figure S2 ) is directly associated with up-regulation of GSH metabolic and antioxidative enzymes as compensatory mechanisms against MPAC pathogenesis. Interestingly, the mRNA and protein levels for HO1, Cu/Zn-SOD (SOD1), and Mn-SOD (SOD2) were significantly decreased in TG mice due to RS, but these enzymes were restored in the TG:Nrf2-def mice indicating that these proteins are highly sensitive to redox changes ( Figure 3B and D) . Further, immunohistochemistry of cardiac tissue confirmed the suppression of catalase, G6PD, and NQO1 proteins in the hearts of the TG:Nrf2-def mice relative to NTG or MPAC-TG mice (Supplementary material online, Figure S3 ). Immunofluorescence (IF) analysis confirmed the immunoblot results that signals for HO1 were significantly lower in TG or TG:Nrf2-def relative to NTG hearts (Supplementary material online, Figure S3 ). Sustained activity of Nrf2 likely led to overcompensation and shifted the homeostatic physiological redox environment towards pathological RS. 13 The results indicate that the disruption of Nrf2 prevents overcompensated activation of GSH metabolizing genes and thereby quenches chronic RS.
Decreased aggregation of proteins in the MPAC-TG:Nrf2-def mice
A redox homeostatic environment in cardiomyocytes is expected to delay/prevent the process of mutant PA in TG/Nrf2-def mice. Indeed, 50% decreased mutant CryAB protein in the soluble (cytosol) and insoluble (pellet) fractions, and the total homogenates of the TG:Nrf2-def myocardium was observed when compared with the MPAC-TG mice ( Figure 4A and B) . These results suggest the reduction of PA under homeostatic or pro-oxidative redox conditions caused by Nrf2 deficiency.
To compare the transcript levels for mutant CryAB in TG and TG:Nrf2-def hearts, we performed qPCR using WT and mutant CryAB primers ( Figure 4C ). The analyses using human mutant CryAB primers showed 10 -12 fold higher mRNA levels in MPAC-TG or TG:Nrf2-def relative to NTG (normalized to mCryAB), indicating similar levels of human mutant CryAB gene expression in all the TGs, but significant differences in the levels of protein accumulation/ aggregation due to the widely varying redox conditions. IF analysis of PA was performed using anti-CryAB and anti-Hsp25 antibodies ( Figure 4D ). While the MPAC-TG had prominent protein aggregates (green) around the nuclei, these were significantly reduced in the TG:Nrf2-def mice. Staining for anti-Hsp25, a surrogate partner that co-localizes with hmCryAB, showed very minimal interactions for Hsp25 with PA in TG:Nrf2-def ( Figure 4D ). These results demonstrate that deficiency of Nrf2 is critical for maintaining redox homeostasis and preventing PA in the model.
Diminution of Nrf2 and abrogation of RS prevents ubiquitination in MPAC-TG hearts
We observed increased ubiquitination of proteins under conditions of chronic RS ( Figure 5) . In MPAC-TG mouse hearts, insoluble pellet fractions showed increased ubiquitination of multiple protein species across a wide range of molecular weights ( Figure 5B ) when compared with NTG or TG:Nrf2-def mice. The soluble fraction from TG:Nrf2-def had higher levels of ubiquitination when compared with the MPAC-TG hearts, whereas the insoluble fraction showed significantly decreased ubiquitination when compared with TG hearts, suggesting that the diminution of Nrf2 might be sufficient to prevent PA ( Figure 5A ). Of note, we observed increased ubiquitination in soluble and decreased ubiquitination in insoluble fractions from TG:Nrf2-def when compared with TG hearts, which resulted in insignificant levels of protein aggregates as shown in densitometry analysis.
We also examined the role of RS on oxidation of proteins by determining the expression of 4-hydroxy-nonenol (4-HNE) adduct-positive proteins. Under conditions of RS, we observed significantly lower levels of 4-HNE-positive proteins in MPAC-TG when compared with NTG littermates (Figure 5C ), suggesting that the RS can prevent signals that are required for basal redox regulation of proteins. Such an absence of redox regulation of proteins is suspected to be more detrimental than oxidative stress. The TG:Nrf2-def hearts showed significantly increased and comparable levels of 4-HNE-positive proteins when compared with MPAC-TG mice.
Since the ubiquitin proteasome system (UPS) has been shown to be the major proteolytic system involved in generating and removing ubiquitinated proteins, 25 we determined the effects of Nrf2-def on proteasome function. Although both beta 2 (trypsin-like) and beta 5 (chymotrypsin-like) proteasome activity were similar among the groups, cathepsin-L activity was significantly increased in TG:Nrf2-def hearts when compared with other groups ( Figure 5D ). Therefore, cathepsin-L (lysosomal) activity could account for the degradation of ubiquitinated proteins in TG:Nrf2-def hearts.
Rescue of redox homeostasis partially prevented endoplasmic reticulum stress in the MPAC mice
To further investigate whether Nrf2-dependent mechanisms are crucial for endoplasmic reticulum (ER) function, we assessed ER stress response pathways. Remarkably, ER-resident chaperones were significantly altered in the MPAC-TG mice bearing chronic RS ( Figure 6 ). Q-PCR analysis showed significantly increased mRNA levels for Grp94 in TG relative to NTG or TG:Nrf2-def mice ( Figure 6A ). Immunoblots for Grp94 showed significantly increased protein, while Grp78 was decreased in TG compared with either NTG or TG:Nrf2-def mice hearts ( Figure 6B ). Immunoprecipitation (IP) followed by immunoblotting analysis revealed sequestration of Grp78 in protein aggregates, which is expected to affect the chaperone activity of Grp78 in MPAC-TG hearts ( Figure 6C) . Further, IP with anti-Grp78 and immunoblotting with anti-ubiquitin-ab showed high levels of ubiquitinated Grp78 in MPAC-TG hearts when compared with other groups ( Figure 6D ). These results suggest that either sequestration or ubiquitination of ER-resident chaperones such as Grp78 might permanently compromise ER function, and thereby lead to the accumulation of misfolded/unfolded proteins in RS hearts. Partial rescue of ER stress is evident from decreased RNA and protein levels for Grp94 in the TG:Nrf2-def mice. However, the Grp78 levels were not back to NTG values, but comparable among the TG and TG:Nrf2-def mice.
Effects of Nrf2 deficiency on PA and antioxidant status in TG mice at 10 months of age
To determine the time-dependent effects of RS on the progression of cardiomyopathy, we determined the degree of PA and the state of Cryo-sections from heart tissues were fixed and processed with anti-CryAB or anti-Hsp25 antibodies and imaged by confocal microscopy. Green, protein aggregates; blue, DAPI nuclear staining; arrows indicate aggregates around the nucleus. Fluorescence was quantified by appropriate densitometry analysis using the Simple PCI 6 Imaging Software (Hamamatsu Corporation, Sewickley, PA). *NTG vs. TG; $ NTG vs. TG:Nrf2-def; P , 0.05.
Nrf2 and reductive stress selective antioxidants in TG and TG:Nrf2-def mice at the age of 10 months. In heart homogenates, an over 40% decrease of protein aggregates was observed in the TG:Nrf2-def mice (Supplementary material online, Figure S4A ). Furthermore, the increased antioxidant expression (NQO1, catalase, and G6PD) in TG hearts was absent in the TG:Nrf2-def mice at 10 months (Supplementary material online, Figure  S4B ). Similarly, significantly reduced SOD1 and SOD2 protein levels in TG were partially rescued in the TG:Nrf2-def mice at the age of 10 months (Supplementary material online, Figure S4B ). Taken together, most of these parameters exhibited similar trend at 6-7 and 10 months of age ( Figure 3 , Supplementary material online, Figure S4A and B). Similarly, changes in 4-HNE levels were comparable between these age groups (Supplementary material online, Figure S4C and Figure 5C ).
Effect of RS in vitro
To address whether RS in vitro could modulate PA, we transfected HL1 cardiomyocytes with human mutant CryAB plasmids and analysed the levels of Nrf2, glutathione reductase (GSR), protein aggregates, ubiquitination, and protein oxidation (Supplementary material online, Figure S5A and B). Dose-dependent increases in Nrf2 and GSR levels were associated with increased PA (Supplementary material online, Figure S5A ). Significantly decreased 4-HNE (Supplementary material online, Figure S5B ), but increased ubiquitination (Supplementary material online, Figure S5C ) of proteins in HL1 cardiomyocytes transfected with hmCryAB were observed. These results suggest that an increased reductive environment (Nrf2 and GSR) promotes PA in association with impaired oxidation and ubiquitination of proteins.
Discussion
In the present study, we describe a novel mechanism for chronic RS-mediated PA cardiac disease. Chronic RS increases PA resulting in hypertrophic cardiomyopathy and heart failure. Restoration of redox homeostasis reverses excessive ubiquitination and ER stress and prevents pathological PA. Unlike other cells, cardiomyocytes have very limited capacity for regeneration or proliferation upon stress or cell death, but they initially withstand such conditions through physiological hypertrophy. 26 -29 However, chronic stress results in transition to pathological hypertrophy, which then causes contractile dysfunction in cardiomyocytes leading to cardiomyopathy/heart failure. As evident in the MPAC-TG mice, sustained activation of Nrf2 contributes to RS-dependent pathology in the heart. 10 Using genetic manipulation we generated Nrf2 deficiency in the MPAC-TG mice and determined whether decreasing chronic RS by dampening Nrf2-dependent transactivation of antioxidative enzymes prevents cardiac hypertrophy/ heart failure. Indeed, the decreased RS in the TG:Nrf2-def mice is associated with prevention of cardiac hypertrophy. However, to understand the underlying mechanisms we have addressed the following key questions: (i) does Nrf2 deficiency result in transcriptional down-regulation of antioxidants? (ii) does down-regulation of antioxidants prevent 'reductive overcompensation' and thereby rescue 'redox homeostasis' in the TG myocardium? (iii) does Nrf2-dependent quenching of RS have Nrf2 and reductive stress a positive (therapeutic) impact on ubiquitination and oxidation of mutant proteins? and (iv) does redox homeostasis reduce levels of protein aggregates?
4.1 Rescue of redox homeostasis prevents or delays the process of PA and cardiac hypertrophy
Increased intracellular reducing power causes RS in the MPAC-TG mice. 10, 13 Nrf2 deficiency is associated with significant GSH depletion in vivo and in vitro. 15, 24, 30, 31 The diminution of Nrf2 is expected to downregulate transcription of GSH metabolizing (biosynthesis and recycling) enzymes and thereby deplete GSH levels, which in turn will prevent RS in the TG myocardium. Under basal conditions, abrogation of Nrf2 does not affect the structure or function of the heart, but the Nrf22/2 mice are susceptible to oxidative 19 or pressure overload stress. 16 In general, transient activation of Nrf2 upon stress is protective, whereas sustained activation could be detrimental, especially for cardiomyocytes with their limited regenerative capacity. As evident in the MPAC-TG mice, sustained activation of Nrf2 promotes RS and pathological processes in the heart. 13 By maintaining a more homeostatic redox milieu via disrupting Nrf2 expression, we found that there is a delay in the process of PA. Western blot analyses showed a 50% decrease in levels of protein aggregates (cytosol and nuclear pellet) in the TG:Nrf2-def when compared with MPAC-TG mice, suggesting either (i) prevention of aggregation and/or (ii) effective clearance of aggregated proteins by the UPS or lysosome dependent pathways. Thus, while acute RS can be a compensatory mechanism to protect cells from PA diseases, such stress for chronic periods can result in pathological hypertrophy of cardiomyocytes/heart. In addition to our studies demonstrating the role of RS in MPAC, 10, 13 it appears that increased 'reducing power' induces ER stress/unfolded protein response and PA in several organ systems. 17,32 -34 Previous studies reported elevated sulfhydryls, G6PD, and protein aggregates in the brains of patients with Alzheimer's disease. 17 Further, a 1.5-fold increase of reduced GSH causes unfolded protein response in lower eukaryotes. 32 
RS increases ubiquitination, but decreases oxidation of proteins, in the MPAC mouse heart
Numerous studies demonstrate that increased oxidative stress is coupled with subsequent increases in ubiquitination of proteins. 35, 36 However, we observed that the MPAC-TG hearts have significantly increased levels of ubiquitinated proteins, but significantly decreased oxidation of proteins when compared with NTG mice. These observations suggest that a highly reducing environment promotes ubiquitination of proteins and prevents basal levels of protein oxidation that are necessary and crucial for normal physiological processes. Such uncontrolled ubiquitination of proteins in a chronic reductive environment is expected to impair the unfolded protein response and lead to the accumulation of protein aggregates in cardiomyocytes. Although the level of ubiquitinated proteins was comparable among soluble fractions of both TG groups, it is likely that the efficiency of subsequent protein degradation may vary between the TG and TG:Nrf2-def mice. An effective ubiquitination process is expected to degrade the damaged proteins (aggregates) more efficiently in the TG:Nrf2-def than in TG mice. This possibility is supported by our finding of increased cathepsin-L--dependent degradation of proteins in the TG:Nrf2-def mice.
Furthermore, it is possible that quenching of RS and maintaining redox homeostasis in the TG:Nrf2-def mice delay and/or suppress PA. Since chronic RS is a causal mechanism for MPAC, we expected that the degree of PA might be diminished or prevented under a homeostatic redox state in the TG/Nrf2-def mouse. IF analysis revealed the presence of prominent protein aggregates in cardiomyocytes of TG mice, but the TG:Nrf2-def mice had significantly reduced levels and smaller protein aggregates. These observations suggest that either decreased aggregate formation or an effective degradation of oligomeric proteins might be occurring under a homeostatic redox state. It is noteworthy that continued synthesis of mutant proteins challenges the intracellular environment and activates compensatory pathways including Nrf2-Keap1 signalling in the hearts of the MPAC-TG mice. Our previous studies suggest that mutant protein expression is able to activate Nrf2 to a greater degree than that which occurs under more physiological conditions. 13 
Nrf2 deficiency partially prevented ER stress in the MPAC mouse
The ER molecular environment and oxidative redox state (GSH/ GSSG ¼ 2250) are ideal for folding of secretory proteins. 37, 38 Under RS conditions in the TG mice, there is likely a shift in the redox state of ER towards a more reductive environment, resulting in an increased misfolded/unfolded protein response. Indeed, we observed that the deficiency of Nrf2 in the MPAC-TG mice partially prevented the ER stress and its dysfunction by maintaining redox homeostasis. Our findings relating to ER stress chaperones/proteins indicate possible sequestration of Grp78 into protein aggregates, while Grp94 was intact and up-regulated, due to RS in the TG mice. Future studies will investigate the age at which the ER stress occurs and how it contributes to the progression of hypertrophic cardiomyopathy.
Conclusions and future directions
Accumulation of aggregates in response to chronic RS results in excessive ubiquitination, which induces pathological hypertrophy and remodelling of the TG heart. Conversely, a significant decrease of protein oxidation in association with chronic RS in the TG hearts might compromise the de-ubiquitination and downstream protein degradation pathways. Intracellular oxidative modification of proteins is a key event required for proper ubiquitination and protein degradation. 39, 40 Therefore, prevention of PA and pathological cardiac remodelling through quenching chronic RS has potential clinical relevance in the recovery of redox homeostasis and PA dependent hypertrophic cardiomyopathy. Taken together, our results support the conclusion that chronic RS exacerbates PA and causes pathological remodelling, and that a homeostatic redox milieu is necessary and sufficient to prevent pathological PA.
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